Introduction
Excessive loading with dissolved organic carbon (DOC) and dissolved total nitrogen (DTN), for example, from agricultural run-off is deteriorating the receiving aquatic ecosystems as well as the terrestrial ecosystems from where these substances originate [1, 2] . Whereas the role of bacteria as key consumers of DOC and DTN in water bodies is recognized [3] [4] [5] , influences of bacterial species richness on nutrient removal have been experimentally addressed only in a few studies [6, 7] . Ecological theory and studies show that species diversity acts as a buffer against environmental impacts [8] and often has positive effects on ecosystem functioning [9, 10] and stability [11, 12] . However, several studies indicate that the link between bacterial diversity and function cannot be generalized as it depends among others, on the microbial service, its environmental context and the ecosystem under study [6, [13] [14] [15] .
In natural ecosystems, in addition to bottom-up control by resource availability, bacterial abundance, activity and community composition are also top-down controlled by viruses and protistan predators [16] [17] [18] [19] . Protists thus play a central role in energy and nutrient transfer to higher trophic levels and bioelement cycling in & 2016 The Author(s) Published by the Royal Society. All rights reserved.
general. Trophic interactions between bacteria and their predators have received some attention for instance in the context of organic matter decomposition and pollutant degradation [20] [21] [22] . Despite theoretical considerations that diversity changes at linked trophic levels simultaneously affect resource removal, resource use efficiency and ecosystem stability [23, 24] , only few studies have analysed the combined effect of predator and prey diversity on ecosystem function [25] [26] [27] .
Here, we performed a series of experiments using microbial microcosms to address the effect of bacterial species richness on DOC and DTN removal. Bacterial model communities were assembled with species richness from one to five in all possible combinations (n ¼ 31). It was then investigated if grazing pressure by single or multiple protist predators with different feeding modes had an effect on DOC and DTN removal and its stability. In addition, we analysed whether biodiversity mechanisms such as complementarity and selection effects [9] on both trophic levels correlate with the extent of removal. We hypothesized (i) that communities of higher bacterial species richness reduce DOC and DTN concentrations more effectively and (ii) that the presence and identity of protist predators influence the relationship between bacterial richness and removal of DOC and DTN as well as the stability of the removal processes.
Material and methods (a) Microbial prey (bacteria) and predator ( protists) strains used in this study
We used five bacterial strains, i.e. the proteobacteria Agrobacterium sp. (B1) and Janthinobacterium sp. (B3), and the actinobacteria Micrococcus sp. (B2), Williamsia sp. (B4) and Rhodococcus sp. (B5), which form distinctly coloured colonies used for easy quantification [26] . All bacteria were isolated from soil, and none of these strains fixes molecular nitrogen. The bacterial strains were maintained in Brunner CR-2 medium [26, 27] . Further, we used three predators which differ in their feeding modes: the amoeba Acanthamoeba sp. (a surface feeder), the flagellate Poterioochromonas sp. (a filter feeder) and the ciliate Tetrahymena sp. (a filter feeder). Filter feeders mostly prey upon suspended cells and can forage over larger areas, while surface feeders prey upon attached cells [28] [29] [30] . In natural ecosystems, these taxa are key representatives of bacterivorous protistan predators. Tetrahymena sp. and Poterioochromonas sp. were maintained axenically in NSY (3 g l
21
), while Acanthamoeba sp. was maintained axenically in proteose peptone-yeast-glucose (PYG) medium at 258C in an incubator without any shaking (see details in [26] ).
(b) Experimental design
We selected a substitutive experimental design to test the impact of bacterial (prey) and protistan (predator) species richness on both carbon and nitrogen removal as described in [26, 27] . Our experiment comprised three levels: (I) controls without predation, (II) predation by one out of three different predators and (III) multiple predation (all predators together). Bacterial pre-cultures were grown for 25 h in a closed Erlenmeyer flask on a closed rotating shaker at 258C. The initial total density of bacteria (2.11 Â 10 7 cells ml
21
) in all combinations was kept the same across all richness levels in all predation and control experiments. The protists were grown in the respective media one week before starting the experiments. They were concentrated by centrifugation [26, 27] and washed with Brunner CR-2 medium before using them in the predation experiments. The overall total initial density of protists in monocultures and mixtures was kept the same (5 Â 10 4 cells ml
). The total volume of microcosms was 1.2 ml (per well) of liquid in 24-well microtitre plates. The experiment consisted of 155 microcosms in triplicates (465 in total). These were incubated for 48 h at 258C. After 48 h, samples of 100 ml were taken for bacterial plating (colony count ml 21 ), protistan cell counts per millilitre, and for analysis of DOC and DTN, separately. We conducted our experiment in Brunner CR-2 which is a modified form of the R2A complex medium [31] containing DOC and DTN sources and which is commonly used for cultivation of environmental bacteria. The medium contained (g l ). The C : N ratio of the medium was 7.87. Further experimental details can be found in [26, 27] .
(c) Data measurement parameters
Two hundred microlitres of samples for nutrient analysis were taken from each well after 48 h of incubation and centrifuged at 15 000 r.p.m. for 30 min. The supernatant was analysed for total organic carbon (TOC that we defined as DOC) and total nitrogen (TN that we defined as DTN) on a TOC analyser (TOC-5000 Analyzer; Shimadzu, Germany).
(d) Statistical analysis
The concentrations of both DOC and DTN were determined in all samples. The difference in the concentrations of both inoculated and uninoculated blank controls (microbe-free) was used to determine the removed DOC and DTN.
ANOVA followed by a Tukey test was performed to determine significant differences of relative nutrient removal between bacterial species exposed to the predation treatments (figures 1 and electronic supplementary material, figure S2 ) and between different predation and no-predation experiments (electronic supplementary material, figures S3, S7-S10. The same analysis was performed to reveal significant differences of relative nutrient removal and transgressive nutrient removal (D max ) between bacterial mixtures with and without species B3 (electronic supplementary material, figure S5), and between no-predation, single predation and multiple predation experiments (figure 3).
The transgressive nutrient removal (D max ) was calculated for each bacterial mixture in all experiments by following [32] as given below.
The O T is the observed total removal of nutrients (DOC or DTN) by a mixture, and max (M i ) is maximum monoculture nutrient removal of the species found in that mixture. D max . 0 exhibits transgressive overyielding (i.e. nutrient removal) [32] . ANOVA with linear fitting of means was performed to assess the significance of bacterial species richness on nutrient removal, transgressive nutrient removal (D max ) (figure 2) and stability (i.e. co-efficient of variation (C.V.)) (figure 4) in different predation experiments. Wilcoxon signed-rank test was performed to reveal the difference of D max from zero in all experiments (electronic supplementary material, figure S4 ). A general linear regression accompanied by ANOVA was done to show the relationship between predator production and DTN removal (electronic supplementary material, figure S6 ). Finally, we performed Spearman's rank order correlations analysis to determine the correlation of complementarity and selection effects as determined in [26, 27] with nutrient removal determined in this study (electronic supplementary material, table S1).
Results (a) Nutrient removal by monocultures exposed to different predation pressures
In the absence of predators, DOC removal did not differ significantly between the individual monocultures (figure 1a), while DTN removal was relatively higher for the proteobacteria strains B1 (Agrobacterium sp.) and B3 (Janthinobacterium sp.) (figure 1b). Hence, the C : N ratios in the medium were higher after 48 h for these two strains than for the three actinobacteria strains B2, B4 and B5 (electronic supplementary material, figure S1 ). Figure 1 and electronic supplementary material, figure S2 , also illustrate the impact of any of the three predators or a figure 1 ). Predator identity significantly affected DTN removal of individual bacterial species (electronic supplementary material, figure S2 ). For instance, predation by Poterioochromonas sp. tended to result in higher DTN removal by three out of five bacterial species; removal was even higher than in the microcosms without predators (electronic supplementary material, figure S2) . Contrary, multiple predation resulted in the highest amount of remaining DTN in the system (electronic supplementary material, figures S2 and S3) ; in the case of B2, B4 and B5, DTN even reached higher concentrations than at the beginning of the experiment (electronic supplementary material, figure S2) . A similar general effect by multiple predation was not observed for the removal of DOC (electronic supplementary material, figures S2 and S3).
(b) Impact of species richness on dissolved organic carbon and dissolved total nitrogen removal with and without predation pressure
Removal of DOC and DTN increased significantly with increasing bacterial species richness regardless of whether predators were present or not ( figure 2a,b) . Across the bacterial richness gradient, predator identity considerably affected DTN removal; microcosms exposed to Tetrahymena sp., Acathamoeba sp. and notably multiple predators resulted in significantly lower DTN removal and thus higher remaining DTN concentrations than in the control (electronic supplementary material, figure S3 ). In comparison, final DOC values in the different predation treatments varied much less (electronic supplementary material, figure S3 ).
(c) Relationship of biodiversity mechanisms with nutrient removal at different trophic levels
We further tested whether bacterial mixtures exhibited transgressive overyielding, i.e. higher nutrient removal of the mixture relative to the best monoculture in the corresponding mixture [32] and whether nutrient removal was correlated with mechanisms driving biodiversity effects, i.e. the complementarity and selection effects [9] . The latter analyses were based on bacterial (cfu ml 21 ) and protist (cells ml
21
) yields of each species in monocultures and in mixtures as published in [26, 27] .
Transgressive nutrient removal (D max ) tended to increase along the bacterial richness gradient. We observed a significant positive relationship between species richness and transgressive DOC removal (D max DOC) in predator-free communities, and in mixtures exposed to either Tetrahymena sp. or to multiple predators (figure 2c). Transgressive removal of DTN was positively correlated with bacterial richness only in microcosms without predators (figure 2d). On average, values of D max DTN were significantly higher than zero (Wilcoxon signed-rank test) in predator-free communities and in bacterial mixtures exposed either to Tetrahymena sp. or to Acanthamoeba sp. (electronic supplementary material, figure S4) . Contrary, the D max of both DOC and DTN were significantly below zero in multiple predation experiments (electronic supplementary material, figure S4 ). As D max values close to zero indicate a positive selection effect [33] , we compared the nutrient removal and corresponding transgressive nutrient removal between bacterial mixtures with and without the strain B3, which as a monoculture showed the highest removal of DOC and DTN ( figure 1 and electronic  supplementary material, figure S2 ). Bacterial mixtures with B3 removed more DOC and DTN than mixtures without this strain and showed transgressive overyielding in particular of DOC removal in the predation-free experiments and in mixtures with Tetrahymena sp. or multiple predators (electronic supplementary material, figure S5 ).
Contrary to the bacterial diversity gradient, average DTN removal and D max DTN significantly decreased at higher predator diversity ( figure 3b,d) . Though predator diversity did not affect DOC removal significantly, it significantly reduced the D max DOC of bacterial mixtures ( figure 3a,c) . Concomitantly, higher predator diversity resulted in a reduced C : N ratio of the microcosms (figure 3e).
Both bacterial complementarity and selection effects were not correlated with nutrient removal in predator-free experiments (electronic supplementary material, table S1). However, identity of the predators determined the direction of the relationship between these biodiversity mechanisms and nutrient removal. Bacterial microcosms exposed to multiple predators showed slightly significant correlation with nutrient removal across the bacterial richness gradient (electronic supplementary material, table S1).
The predators' complementarity and selection effects were negatively correlated with nutrient removal (electronic supplementary material, table S1). Increasing protist production in multiple predator assemblages negatively correlated with DTN removal (electronic supplementary material, figure S6 ). Eleven out of 31 microcosms exposed to those multiple predators were characterized by negative DTN removal indicating predation-driven recycling of N (electronic supplementary material, figure S7 ). Interestingly, none of these mixtures contained strain B3.
(d) Impact of species richness on stability of nutrient removal with and/or without predation pressure
The effect of increasing bacterial species richness on the stability of DOC and DTN removal was analysed by using the C.V., where higher values indicate lower stability. In all experiments, we observed that the variability in nutrient removal significantly decreased with increasing bacterial species richness independent of the trophic interactions present in the microcosms (figure 4a,b).
Discussion
Removal of DOC and DTN by bacterial monocultures varied under different predation pressures (figure 1 and electronic supplementary material, figure S2 ). Overall, nutrient removal by the proteobacteria B1 and B3 was relatively higher than that by the other bacteria. Though individual members from each phylum certainly vary in nutrient consumption, members of the proteobacteria have been suggested to be usually copiotrophic and fast growing due to their ability to more efficiently use labile nutrients [34] . Janthinobacteria have been shown to produce an anti-bacterial and antirspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20152724 protistan pigment (violacein), which could be important for competing with other microbes [35, 36] . However, we so far have not observed any inhibition of the other microorganism in our experiments with this species [26, 27] . Depending on the species combinations, predation influenced DOC and DTN removal in different ways. To explain the counterintuitive stimulation of bacterial activity under predation pressure, various ecological mechanisms have been offered [37 -40] , which mainly fall into two categories. A non-consumptive effect is, for example, the promotion of actively growing prey by the selective elimination of rather inactive prey [41, 42] . Non-consumptive effects may have thus provided additional niche space for the active bacteria leading to an improved nutrient removal. Consumptive effects [41, 42] include the direct uptake or excretion of minerals and organic substances in the habitat colonized by both the prey and the predator; nutrient release may result in increased nutrient concentrations, and thus appear as decreased bacterial activity. Reduced DOC and DTN removal can also be a direct effect of predation eliminating active bacterial consumers (trophic cascade) and releasing bacterial carbon and nitrogen [42, 43] into the system. The absence of predation effects might be explained by the compensation of the foregoing mechanisms [42, 44] .
Removal of DOC and DTN became more efficient (figure 2) and less variable (figure 4) with higher bacterial species richness. This richness effect was observed irrespective of bacterial identities and top-down control by predators. Functional stability of environmental processes is a fundamental ecosystem parameter [45, 46] , with high C.V. reflecting low ecosystem reliability [12, 47] . Our results are consistent with earlier findings showing that speciesrich ecosystems tend to use resources more efficiently [48] and that ecosystem processes stabilize with higher richness [49] . However, the relationship between bacterial richness and resource utilization may not be generalized. For instance, Langenheder et al. [50] showed that a combination of bacterial species richness and substrate richness enhanced substrate oxidation and that there was no direct interaction between only bacterial species richness and substrate utilization. Contrary to theoretical predictions that trophic interactions shift the diversity -functioning relationships in a nonlinear manner [23] , we observed a linear relationship of bacterial richness versus DOC and DTN removal (figure 2).
There are several plausible interpretations with respect to the consumptive and non-consumptive effects of predator diversity on nutrient contents in the system, which however were not separated in our experimental set-up and would require isotope techniques: for instance, efficient prey exploitation by multiple predators as shown in [26, 27] may possibly result in an imbalance between carbon leaving the system as CO 2 as a result of intense predation and the development of excess nitrogen, which is not built into biomass because of the relative lack of carbon. Multiple predator production also showed a negative correlation with DTN removal (electronic supplementary material, figure S6 ), implying that higher predator production led to higher recycling of DTN into the system. The relatively high DOC removal (figure 3a), together with a potential recycling of nitrogen into the system, resulted in reduced nitrogen removal (figure 3b) and consequently narrowed down the C : N ratio (figure 3e) in the multiple predation experiment.
Overall, this work points at several aspects regarding nutrient stoichiometry and nutrient limitations, which are worthy of further investigation. First, in the case of a relatively higher C : N ratio as observed in the microcosms without predation and with Poterioochromonas sp. (electronic supplementary material, figure  S8 ), carbon removal could be controlled by the rate at which bacteria can sequester nitrogen. Our data show that these two setups resulted in an overall higher nitrogen removal, both in the monocultures (electronic supplementary material, figure S9 ) and the mixtures (electronic supplementary material, figure  S10 ). In contrast, the C : N ratio was relatively low in microcosms exposed to Acanthamoeba sp., Tetrahymena sp. and multiple predation (electronic supplementary material, figure S8 ), where nitrogen removal is very likely controlled by the carbon. Consequently, the observed low nitrogen might be also explained by carbon limitation (electronic supplementary material, figures S9 and S10). The larger predators (Acanthamoeba sp. and Tetrahymena sp.) might possibly recycle and thus excrete more nitrogen into the system than the smaller predator (Poterioochromonas sp.). However, active filter feeders such as Poterioochromonas sp. and Tetrahymena sp. may be more efficient predators than the relatively slow surface glider Acanthamoeba sp.
Interestingly, the assumed predator-mediated release of DTN was reduced when a broader spectrum of prey species was available (figure 2). This might be explained by the fact that more diverse prey assemblages build up biomass more efficiently [26] , so that more N is immobilized [48] . Alternatively, increasing prey diversity may also result in a relatively reduced production of diverse predator assemblages [27] .
Accordingly, high final DTN values were observed for poorly growing bacteria (e.g. strains B2 and B4 [26] ), and in mixed cultures of low species richness containing these bacteria, especially when species B3 was not a part of these combinations (electronic supplementary material, figure S7 ). It is likely that the growth recovery or reproduction of these bacteria was not as fast as that of other species being controlled by multiple predators, thus leading to higher total DTN content in the system. The additive partitioning approach by Loreau & Hector [9] allows mathematical calculation of potential mechanisms resulting in positive biodiversity effects: a complementarity effect may arise from either resource partitioning, niche differentiation or positive interactions among species, while the selection effect describes the increasing probability of including highly competitive species. Yet, there are different additional biological mechanisms, which need to be considered at the prey and the predator level. The observed D max of nutrients (electronic supplementary material, figure S4 ) could be explained by a more efficient nutrient foraging physiology of species B3 (i.e. a sort of nutrient selection effect). But in some cases, the bacterial mixtures containing B3 did not perform better than the best monoculture included (B3), thus pointing at a weak selection effect [33] . We recently showed that poorly performing (in terms of CFU production) bacterial species seemed to grow better under multiple predation pressure in this experimental set-up, resulting in more evenly distributed prey species and thus a species complementarity (i.e. apparent facilitation) [26] . However, these species alone could not exploit nutrient resources as readily as the mixture containing the best-performing species B3 (electronic supplementary material, figure S5a,b). These results suggest that a balanced community evenness caused by top-down control may not necessarily promote resource removal or partitioning rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20152724 by the species that inherently grow poorly. Generally, predation tended to reduce the performance (D max ) of mixtures at lower species richness levels, and its effect on mixture-mediated nutrient removal decreased along the bacterial richness gradient ( figure 2a,b) . These results thus indicate stronger cascading effects of predators on less diverse bacterial communities.
The reduced D max of nutrients by bacterial mixtures exposed to predation (figure 3) is in line with a reduction of bacterial abundance across increasing predator richness [26, 27] . This observation rejects the probability of strong selection or complementarity effects. Using the same experimental set-up, we recently showed that selection effects may be driving yield (calculated as cfu ml 21 ) in diverse bacterial assemblages without predation pressure, while the presence of predators resulted in increased complementarity effects [26, 27] . However, we did not find any correlation of these mechanisms with nutrient removal in predation-free control experiments (electronic supplementary material, table S1). Overall, our results partly refute a role of species competition, synergistic interactions and niche breadth in nutrient processing [5, 51] . Interpretation of bacterial processing of DOC and DTN may not be easy in the context of niche theory (i.e. resource partitioning) since many bacteria are generalists [51, 52] . We used a complex medium with easy degradable carbon and nitrogen sources, which all bacterial strains were capable of using, indicating some degree of functional redundancy and/or generalism in our system. However, adding predation as a trophic factor tended to reshape the correlation between biodiversity mechanisms and nutrient removal, depending upon the identity of the predator. Both complementarity and selection effects showed different (positive, negative or absent) correlations with nutrient removal in single predation experiments, thus partly reflecting the divergent effect of protist predators on bacterial community composition [26] , and consequently on nutrient removal. Similarly, a weak positive correlation was observed in bacterial microcosms exposed to multiple predators.
At the predator level, interestingly, both complementarity and selection effects showed negative correlation between DOC and DTN removal (electronic supplementary material, table S1). Regardless of whether protists exploit prey resources via complementarity or selection effects [27] , there will be a negative impact on both prey productivity [27] , and consequently on DOC and DTN removal. This might offer another explanation for the observed relatively low DTN removal in the multiple predation experiment. Consequently, predator complementarity and selection effects increase the consumptive and non-consumptive effects of predators on nutrient cycling in the system. Though predator influences on nutrient removal via a control of prey abundance and productivity have been described in the past [42] , our results provide mechanistic information regarding predator diversity effects on DOC and DTN removal.
Bacterial species richness stabilized the process along the diversity gradient (figure 4), which is consistent with the theory that higher diversity stabilizes ecosystem-level processes such as biomass production [53] . To date, the few findings on the relationship between microbial richness and stability suggest that broad-scale ecosystem processes (such as resource use efficiency) may benefit from diverse microbial systems at least at larger scales [54] . However, for particular ecosystems, results are still contradictory. Decreasing diversity may in fact be correlated with higher predictability of ecosystem processes like microbial biomass production [55] and nitrogen cycling [56] . Eisenhauer & Schädler [57] observed an inconsistent impact of decomposer diversity on the stability of litter decomposition. Other studies highlight the importance of functional diversity (i.e. diversity of genes) to maintain and stabilize specific ecosystem functions, such as removal of pollutants [58] . The low variability in DOC and DTN removal in predation treatments further disprove predictions that systems with rather low species richness (like in this case) are more likely to display large differences and variability in their functioning [11, 47] . Interestingly, the type of predators in general affected the variability of the microbial functions, while the presence of multiple predators tended to destabilize DTN removal mostly at lower species richness (figure 4). Such kind of variability in aggregated community functioning may arise in systems where species are distributed at different trophic levels, and prey-predator communities tend to dominate each other [11, 47] .
In conclusion, our results reveal that the trophic complexity across horizontal (bacterial prey) and vertical (protistan predators) axes was the primary mechanism explaining the effectiveness and stability of DOC and DTN removal. Our results therefore provide valuable aspects to be further tested with other organisms and more complex experimental set-ups regarding the impact of increased diversity and complexity of trophic networks on DOC and DTN removal from ecosystems.
Data accessibility. Nitrogen and carbon data: Dryad: http://dx.doi.org/ 10.5061/dryad.q60vk.
